We present the results of energy-dependent and single-energy partial-wave analyses of πN elastic scattering data with laboratory kinetic energies below 2.1 GeV. We have considered the effect of adding dispersion-relation constraints required for a more reliable extraction of the πN sigma term. The results of these new fits are compared with those generated previously, using a reduced set of constraints, and with a fit which has only utilized forward constraints associated with the S-wave scattering lengths. We compare the results in terms of their resonance spectra and preferred values for the πN N coupling and πN sigma term.
I. INTRODUCTION
We have performed partial-wave analyses of pion-nucleon elastic scattering data up to a laboratory pion kinetic energy of 2.1 GeV. This work supersedes the analysis [1] (named SM95) last published by our group. The present analysis (named SP98) was performed on a larger data base, described in Section II, and was constrained by additional fixedt dispersion relations beyond those used to generate SM95. These additional constraints were applied to the E ± and A + dispersion relations [2] , chosen for their connection to the extraction of the πN sigma term (σ πN ). In Section III, we will explain how these constraints were added. For comparison purposes, a fit to the available data was performed with far fewer dispersion relation constraints, allowing us to gauge their relative importance. Results for the baryon spectrum and associated couplings will be given in Section IV, along with comparisons between the solutions SP98 and SM95.
II. DATABASE
Our previous πN scattering analysis [1] (SM95) was based on 10197 π + p, 9421 π − p, and 1625 charge-exchange data. Since then, 483 π + p, 231 π − p, and 48 charge-exchange data have been added to the database [3] at energies mainly spanning the ∆(1232) resonance.
We list these recent (post 1995) additions below. Some data sets which we collect are not used in the analyses [4] , due to database conflicts, but are retained so that comparisons can be made. A complete description of the database and those data not included in our analyses is available from the authors, and also available through the interactive program SAID [3] .
Most of the new measurements [5] - [16] are from high-intensity facilities and generally have small uncertainties. As mentioned above, a large fraction of the more recent π ± p measurements span the ∆ resonance. These have come mainly from TRIUMF. From this source, we have added 106 π + p and 54 π − p differential cross sections between 140 and 270 MeV [5] . A further 179 π + p and 51 π − p analyzing power A y data between 90 and 270 MeV have been collected using the new CHAOS facility at TRIUMF [6] .
A few LAMPF, PSI and ITEP experiments have also been analyzed and added to our database. The LAMPF additions include 36 high quality polarized charge-exchange data between 100 and 210 MeV [9] , 44 π + p and 15 π − p partial total cross sections between 40 and 280 MeV [10] , and 6 charge-exchange differential cross sections at 27 MeV [11] . PSI experiments have provided 5 π − p differential cross sections at a backward angle between 45 and 70 MeV [12] and 11 A y data at 160 and 240 MeV [13] . After a revised analysis, the Karlsruhe group, working at PSI, has published a final set of both π ± p low-energy differential cross sections [14] and analyzing powers [15] . A final set of polarization parameters P , R, and A for π + p at 1300 MeV were contributed by the ITEP group [16] . The distribution of post-1995 data is given schematically in Fig. 1 .
Other experimental efforts will soon provide data in the low to intermediate energy region. Precise low-energy measurements of π − p elastic scattering cross sections [17] and A y data [18] have been made at PSI. A y data were also taken between 50 and 100 MeV for both charge channels by CHAOS at TRIUMF [19] . Further charge-exchange differential cross sections are expected from a number of labs. At low energies, the analysis of data taken at LAMPF between 10 and 40 MeV is close to completion [20] . Above the first resonance region, the Gatchina group has taken data between 300 and 600 MeV [21] , and the Crystal Ball collaboration at BNL has been collecting data above 500 MeV [22] . New spin-rotation A measurements are also being carried out at ITEP for π + p at 1500 MeV [23] .
III. FORMALISM
There are two main components to the methodology we use in fitting the πN database: the parameterization scheme and the dispersion-relation constraints. Our energy-dependent partial-wave fits are parameterized in terms of a coupled-channel Chew-Mandelstam Kmatrix, as described in Refs. [1, 24] . This choice determines the way we introduce and modify the energy-dependence and account for unitarity in our fits. As has been noted in the past, a fit of the K-matrix elements, expanded in terms of an energy variable, may not result in a form satisfying all of the requirements imposed by analyticity. This second part of the analysis is handled iteratively, as has been described in Ref. [1] . After each iteration, the solution is checked for compatibility with the imposed set of dispersion-relation constraints. A χ 2 penalty due to these constraints is then added to the data χ 2 in order to force a best fit to both the data and the constraints. In our previous analysis [1] , we added constraints from fixed-t dispersion relations for the B ± and C ± invariant amplitudes. The B ± amplitudes are used in the Hüper plot and are thus tied to the πNN coupling constant. The C ± dispersion relations involve S-wave scattering lengths, and the isospin-odd combination of these is related to the coupling constant through the Goldberger-Miyazawa-Oehme sum rule [25] .
We have previously made estimates of σ πN by extrapolating the A + dispersion relation to the Cheng-Dashen point [26] . While the A + dispersion relation was not used as a constraint, it was found to be reasonably well satisfied by our SM95 solution. In the present work, we have explicitly constrained this and the E ± forward dispersion relations in order to allow a more rigorous determination of σ πN .
Before giving results, we should recall the importance of the σ-term [27] , and how it is related to the quantity we have actually extracted from our fits. The σ-term parameterizes the explicit breaking of chiral symmetry due to the light quark masses, and may be written as the matrix element
is the average light quark mass, m is the proton mass, and
is the strange quark content of the proton. σ πN has been calculated theoretically from the SU(3) octet mass splitting plus meson loop corrections [28] , σ πN (1 − y)= 35±5 MeV. Following the method of Ref. [29] , the quantity which we determine from the data is
where F π =92.4 MeV is the pion decay constant, and theD + amplitude is an isoscalar combination of amplitudes, D = A + νB, minus the pseudoscalar Born term, with ν = (s − u)/4m. (The kinematics (ν, t) = (0, 2m 2 π ) correspond to the Cheng-Dashen point.) The difference Σ − σ requires theoretical input. Recent estimates [27] suggest a value near 15 MeV. In using Eq. (3), we exploit the fact thatD + can be expressed in terms of a power series [2] ,D
with coefficients, d (A + + ωB + )| t=0 amplitudes, respectively. In the expression for E + , ω denotes the pion lab energy. The Sigma term Σ, which we will quote, is then:
where the "curvature correction" term ∆ D has been estimated [30] to be 11.9 ± 0.6 MeV. The fixed-t A + dispersion relation plays a dual role in our analysis. On the one hand, it provides a constraint at non-zero t which is more sensitive to the S-waves than the fixedt B ± relations used in our prior analyses [1] . In addition, since D ≡ A + νB, the A 
IV. RESULTS AND DISCUSSION
Having fitted the existing database, using various sets of dispersion relation constraints, we now present and discuss our findings. Most of the more quantitative results require extrapolations of our amplitudes into special kinematic regions (for example, in the extraction of the sigma term and pion-nucleon coupling constant). Further extrapolations into the complex energy plane are required in order to determine resonance pole positions and residues. We can also examine our results from a more qualitative viewpoint, asking whether the addition of further constraints has degraded the fit to data.
Fits with different sets of constraints are compared in Table I . The SP98 solution has constraints on the B ± amplitudes (below 800 MeV and for 0 ≤ −t ≤ 0.3 (GeV/c) 2 ), the forward C ± amplitudes (below 600 MeV), the forward E ± amplitudes (below 600 MeV), and the A + amplitudes (below 900 MeV and for 0 ≤ −t ≤ 0.2 (GeV/c) 2 ). Our previous solution (SM95) had constraints on only the B ± and forward C ± amplitude, while the current U372 solution has only forward C ± constraints. Clearly, the addition of constraints has not significantly degraded the fit to data. In all three cases, the overall contribution of constraint "data" to the total χ 2 was far less than the contribution from cross section and polarization measurements. (The χ 2 /constraint was generally less than unity.) The πNN coupling constant from these solutions was also consistent within errors. For the solution SP98, the optimal value was 13.72, a result entirely consistent with that found using SM95 (g the Hüper dispersion relation, as should be expected. However, the range of values was similarly consistent with that found from SM95, which showed negligible t−dependence.
Our results for the subthreshold coefficients d 2 , gave 85 MeV. This appears to confirm a contribution of 10-15 MeV from the cusp. The quoted error (3 MeV) is for a fixed value of g 2 /4π = 13.72. It should be noted that, using this method, Σ = 8.538(A CD − 13.39g 2 /4π) MeV, and there is a large cancellation between the A CD and g 2 terms. Our value for Σ d is about 50% larger than the value [31] obtained by the Karlsruhe group. As a check of our methods, we input the Karlsruhe KA84 phases and reproduced their Σ d result exactly.
The partial-wave amplitudes from SM95 and SP98 are displayed in Fig. 3 . Single-energy fits are also plotted here and are compared to the energy-dependent fit in Table II . The extracted resonance parameters, for SP98, are given in Table III . We find little change in the I=3/2 partial waves and resonance parameters. The most significant differences (between SM95 and SP98) are seen in our results for the low angular momentum I=1/2 states. The largest shifts occur in the P-waves (P 11 and P 13 ). Of these, the P 13 resonance pole has shifted far from its SM95 value, but is quite weak in our fits. We find a zero between this pole and the physical energy axis, distorting its effect and precluding a reliable Breit-Wigner fit.
Two values are given for the S 11 N(1535) pole position and residue. The first value was based on our fit to only the elastic πN scattering data bases. The second results when etaproduction data are included in the fit. This fit, and a discussion of its model-dependence, is given in Ref. [32] . (6), and P (51). Charge-exchange data are: dσ/dΩ (6), total cross sections σ tot (6), and P (36). Total cross sections are plotted at zero degrees. Table III . Masses (W R ), half-widths (Γ/2), and partial widths for (Γ πN /Γ) are listed for isospin 1/2 baryon resonances, along with associated pole positions from our solution SP98 (second sheet poles are denoted by a †). Corresponding residues are given as a modulus and phase (in degrees). The second set of N(1535) pole parameters, in parenthesis, was found in Ref. [32] (see text). Average values from the Review of Particle Properties [33] 
